Introduction {#Sec1}
============

Radiation pressure was first quantitatively described by Maxwell based on his wave-theory of electromagnetism published in 1873^[@CR1]^. Nearly thirty years later, radiation pressure was experimentally demonstrated independently by Nichols and Hull^[@CR2]^ and by Lebedev^[@CR3]^. In the past decade, there has been renewed interest in radiation pressure due to the development of opto-micro-mechanical devices and the field of cavity optomechanics^[@CR4]--[@CR7]^, as well as the practical development of space propulsion techniques using on solar or laser-based sails^[@CR8],[@CR9]^. Radiation pressure has also been considered for use as a calibration method for the cantilever spring constant in atomic force microscopy^[@CR10]^ and high-power laser power measurements^[@CR11]^. Endeavors have also been made to explore the effect of radiation pressure in novel systems involving plasmonic materials^[@CR12]^ and negative-index metamaterials^[@CR13]--[@CR16]^. However, even minute amounts of absorption can give rise to photothermal effects, which are difficult to quantify and can obscure measurement of the radiation pressure.

Previous measurements of radiation pressure have been based on a single wavelength excitation^[@CR10],[@CR17],[@CR18]^. For a perfectly reflecting mirror, the radiation pressure only depends on the incident optical power and is independent of wavelength. However, for real materials, wavelength-dependent reflection and absorption coefficients will generate different amounts of radiation pressure given the same incident power. The total radiation force per unit incident power is given by:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{{F}_{rp}}{P}=\frac{2r(\lambda )+a(\lambda )}{c}cos\,\theta ,$$\end{document}$$where *F*~*rp*~ is the photon radiation force, *P* is the incident optical power, *r(λ)* and *a(λ)* are the reflection and absorption coefficients at incident angle *θ*, and *c* is the speed of light.

Observing the wavelength-dependent radiation pressure based on material dispersion is difficult because of the limited variation of reflectivity and absorptivity over the typical measurement bandwidth. However, for a thin film structure, such as a microcantilever, interference effects can cause a dramatic change in the reflectivity and absorption within a short wavelength range. Another challenge in the measurement lies in providing the reflection and absorption coefficients (RHS of Eq. [1](#Equ1){ref-type=""}) for a microcantilever. These coefficients cannot be calculated from the nominal cantilever thickness, because the thickness is not well controlled during the commercial fabrication process and has large variations even within the same batch^[@CR19]^. Therefore, *in-situ* measurements of the cantilever's thickness at the laser excitation position is essential.

In this paper, we demonstrate the first measurement of the wavelength-dependent radiation pressure due to thin film interference in a silicon microcantilever. We show that the cantilever thickness at the excitation position and the incident angle can be determined from the *in-situ* transmission spectrum measurement and nonlinear fitting to the theoretical model. The fitted thickness and incident angle are then used to calculate the radiation pressure and are found to agree with the radiation pressure measured from the cantilever deflection to within the errors associated with the measurement and the calculation. We also show that the tunable wavelength excitation measurement can be used to distinguish the photothermally driven oscillation from the radiation pressure driven oscillation by conducting the same experiment near the base and near the free end of the cantilever, respectively.

The experimental setup for measuring the wavelength-dependent radiation pressure is based on a modified atomic force microscope (Asylum Research, Cypher AFM), see Fig. [1](#Fig1){ref-type="fig"}. A supercontinuum "white" laser paired with an acoustic-optic modulator (AOM) filter allows us to tune the output wavelength continuously throughout the visible (see Methods).Figure 1Experimental setup for measuring radiation pressure under tunable-wavelength laser excitation. The thin film interference effect in the Si cantilever causes the cantilever to experience wavelength-dependent radiation pressure and photothermal effects given the same incident optical power for different wavelengths.

For the radiation pressure to contribute most effectively to the deflection signal, the excitation laser is focused near the free end of the cantilever (Fig. [1](#Fig1){ref-type="fig"}). The weaker probe laser is placed near the middle of the cantilever, away from the excitation laser to avoid Fano-like resonances caused by stray light and local thermal deformation not coupled into cantilever oscillation^[@CR20]^. The transmission spectrum of the cantilever at the excitation position is measured to determine the local cantilever thickness and incident angle, shown in Fig. [2](#Fig2){ref-type="fig"} (see Methods).Figure 2Optical properties of the cantilever at an excitation position near the free end of the cantilever. Black circles represent the measured transmission spectrum (2 nm step size), and the black solid line represents the fitted transmission spectrum based on the thin film interference model. Red and blue solid lines represent the calculated reflection and absorption spectrum from the thickness and incident angle obtained from the transmission spectrum fit.

The measured transmission spectrum through the cantilever is used to determine the absorption and reflection from the cantilever. The measured data is fit to the calculated transmission through a single layer of silicon using the transfer matrix method^[@CR21]^. The two variable parameters in the fitting process are the cantilever thickness and incident angle of the light. Table [1](#Tab1){ref-type="table"} shows the obtained values for these fit parameters, which are in agreement with the expected range of values. The source is TM polarized, and the index of refraction of Si is obtained from tabulated data^[@CR22]^. The fitted thickness and incident angle are then used to calculate the reflection and absorption (Fig. [2](#Fig2){ref-type="fig"}). Note that the absorption spectrum is peaked when the transmission spectrum is at a maximum, while the reflection spectrum contains minima at these points. These properties can be used to distinguish the dominant driving mechanism of the cantilever. If the measured cantilever amplitude response (normalized by optical power) is opposite of the transmission spectrum, *i.e*. it aligns with the reflection spectrum, the data indicate that radiation pressure excitation is dominant. On the other hand, if the measured cantilever amplitude response aligns with the transmission/absorption spectrum peaks, then the photothermal excitation is usually dominant (note: radiation pressure due to absorption is half the strength of the pressure due to reflection).Table 1Fitted parameters based on the transmission measurement.Incident light beam positionThickness (nm)Incident AngleFree End1265 ± 329.7 ± 2.8Base1056 ± 130.6 ± 1.4

In order for radiation pressure to be the dominant driving mechanism, it is also necessary to focus the external laser beam near the free end. The amplitude of cantilever oscillation under sinusoidal excitation is measured every 2 nm for incident wavelengths between 664 nm and 772 nm. At each wavelength, the laser modulation frequency *ω* is swept across the fundamental resonance frequency of the cantilever, and the cantilever oscillation amplitudes are recorded, forming a tuning curve (Fig. [3a](#Fig3){ref-type="fig"}). The tuning curve is described by a simple harmonic oscillator model,$$\documentclass[12pt]{minimal}
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                \begin{document}$$A(\omega )={A}_{0}\frac{{\omega }_{0}^{2}}{\sqrt{{({\omega }_{0}^{2}-{\omega }^{2})}^{2}+{(\omega {\omega }_{0}/Q)}^{2}}}.$$\end{document}$$Figure 3Determination of radiation forces. (**a**) Measured (grey) and fitted (black) amplitude of cantilever oscillation as a function of excitation frequency (tuning curve) at incident wavelength of 750 nm and laser power of 0.37 mW. (**b**) Measured and calculated radiation force normalized by the incident optical power *F*~0~*/P*~0~. The black curve represents the total *F*~0~*/P*~0~ calculated by Eq. ([1](#Equ1){ref-type=""}) using the reflection and absorption spectrum shown in Fig. [2](#Fig2){ref-type="fig"}. The red (blue) shaded region shows the proportion of the force that is due to the momentum transfer from photon reflection (absorption). The grey circles represent the measured *F*~*rp*~*/P*~*in*~, and the error bars are plotted every three data points for clarity.

The fundamental resonant frequency *ω*~0~ and quality factor *Q* remain the same for all wavelengths. They are obtained from fitting the tuning curve with the largest signal-to-noise ratio (illumination with λ = 750 nm for our setup). The zero-frequency amplitude *A*~0~ is a fitting parameter that describes the magnitude of the oscillation for each illumination wavelength. The measured force for a particular wavelength is calculated as *F*~0~ = *A*~0~*k*~0~, where *k*~0~ is the spring constant of the fundamental frequency calibrated by the thermal method^[@CR23]^. The measured force (normalized by incident optical power) is determined and compared to the calculated force per incident power based on the measured transmission (Eq. [1](#Equ1){ref-type=""}); good agreement is found between these values (Fig. [3b](#Fig3){ref-type="fig"}). The uncertainty in the measurement comes from the spring constant calibration (±10%), power measurement (±3%), and the fitted incident angle (±9%).

The radiation pressure has two components: one corresponding to momentum transfer from photon reflection and one from momentum transfer upon absorption (Eq. [1](#Equ1){ref-type=""}). Because the thin film interference condition causes the reflection and absorption to be wavelength-dependent, different incident photon wavelengths lead to different contributions to the radiation pressure based on absorption or reflection. For an incident wavelength near λ = 705 nm, \~90% of the total radiation pressure is due to photon reflection, while at λ = 682 nm, nearly 90% of the total radiation pressure is due to absorption (Fig. [3b](#Fig3){ref-type="fig"}). In the case of photon absorption, an additional photothermal bending can exist (see below), but this effect is weak for high frequency modulation of the pump beam incident near the free end of the cantilever^[@CR18]^.

The tunable wavelength excitation measurement discussed here also enables a method to determine whether the dominant driving mechanism of the cantilever oscillation is radiation pressure or photothermal when illuminating different regions along the cantilever. To demonstrate this effect, another experiment is conducted with the external laser excitation near the base of the cantilever. The same procedure is used to obtain the absorption spectrum from the measured transmission spectrum (Fig. [4](#Fig4){ref-type="fig"}). It is clear that, in the case of excitation near the free end, the normalized cantilever oscillation amplitude aligns with the reflection spectrum (Fig. [4a](#Fig4){ref-type="fig"}), indicating that radiation pressure is the dominant driving mechanism. However, for excitation near the base (Fig. [4b](#Fig4){ref-type="fig"}), the normalized cantilever oscillation amplitude is proportional to the absorption spectrum, indicating that the driving mechanism is the photothermal bending moment caused by photon absorption^[@CR24]^. This conclusion is in agreement with our previous results at a single illumination wavelength^[@CR18]^.Figure 4Determination of the dominant driving mechanism for the cantilever oscillation. Cantilever response for laser excitation (**a**) near the free end and (**b**) near the base of the cantilever. Left axis: Cantilever amplitude response (fitted zero-frequency amplitude *A*~0~) normalized by the incident optical power. Right axis: (**a**) reflection and (**b**) absorption. (**a**) For excitation near the free end, the maxima in the amplitude response occur when the reflection is also a maximum, showing a radiation pressure dominated behavior. (**b**) Correlation between absorption maxima and cantilever response for excitation near the base shows behavior is dominated by photothermal effects. The different periodicities shown in the data in (**a**) and (**b**) are caused by the change in cantilever thickness at the excitation positions (free end and base).

By adjusting the incident wavelength and position of the laser beam on the cantilever, the different components of the radiation pressure and photothermal effects can be tuned. Photothermal effects are maximized for illumination near the base of the cantilever (see also ref.^[@CR18]^) for wavelengths where absorption is a maximum (*e.g*. near λ = 670 nm and 720 nm). Radiation pressure is greatest for illumination near the free end at wavelengths where reflection is maximized (*e.g*. near λ = 705 nm and 750 nm), because reflection imparts twice as much momentum as absorption (see Eq. [1](#Equ1){ref-type=""}).

The ability to isolate radiation pressure and photothermal effects using the methods described here may be useful for a number of applications related to optically-induced mechanical motion. In dispersive media, clearly identifying these components is critical to the interpretation of data where the partitioning of momentum between electromagnetic and mechanical components is complicated, such as in experiments related to the Abraham-Minkowski controversy^[@CR25],[@CR26]^. Further, the radiation pressure involving materials with a negative index of refraction becomes more complex upon the addition of absorption, which is an intrinsic feature of these materials^[@CR13]--[@CR16]^. Additionally, studies to explore the parameter space over which radiation pressure or photothermal effects dominate the cantilever's motion and its dependence of geometry and optical and mechanical properties could shed light on applications related to atomic force microscopy (e.g. for driving cantilever oscillations near its resonant frequency) and for studies of the coupling between different modes of excitation.

In summary, we have measured of the wavelength-dependent radiation pressure due to thin film interference in a Si microcantilever over a continuous wavelength range and shown the individual contributions due to photon reflection and absorption, as well as photothermal bending. We developed a technique to obtain the local reflection and absorption spectrum from an *in-situ* transmission measurement by fitting the cantilever thickness and incident angle as an intermediate step. We also showed that the tunable wavelength excitation measurement is a good way to distinguish photothermally driven oscillation (dominant for excitation near the base) from radiation pressure driven oscillation (dominant for free end excitation) through the comparison of the normalized cantilever amplitude spectrum and the reflection or absorption spectrum. Further, while in the radiation pressure dominated regime, we can also tune between a pressure driven by photon reflection or photon absorption by changing the incident wavelength. We expect that the ability to control these interactions will enable further development of opto-mechanical devices and allow for future studies of the coupling between optical and thermal effects in such systems.

Methods {#Sec2}
=======

Optical excitation of cantilever {#Sec3}
--------------------------------

The combination of a super continuum white fiber laser (Fianium WhiteLase SC400UV) and an AOM filter serve as the tunable laser source to excite the oscillation of the silicon cantilever. The bandwidth of the AOM filter is 2 nm. The wavelength range used in this experiment is 664 nm to 772 nm. This wavelength window is limited by the output power of the AOM filter (power is too low below 664 nm) and the band-pass filter in front of the quadrant detector used to measure the cantilever deflection (excitation above 772 nm will cause stray light to enter the quadrant photodetector and interfere the probe laser signal).The laser beam is directed and focused on the backside of the cantilever through the same objective (20×) as the probe laser beam (860 nm). The output optical power of the excitation laser is modulated sinusoidally by driving the AOM with a sinusoidal reference signal from a lock-in amplifier. The frequency of the sinusoidal excitation is swept from near dc across the fundamental frequency of the cantilever to amplify the oscillation. The cantilever deflection is detected by monitoring the probe laser beam reflected off the back of the cantilever with a quadrant photodiode, which is then fed into the lock-in amplifier to obtain the frequency response of the amplitude and phase of the oscillation.

Measurement of cantilever transmission spectrum {#Sec4}
-----------------------------------------------

An uncoated rectangular cantilever (Mikromasch CSC38) is used in the experiment because silicon has well-known refractive indices across the whole spectrum. An optical power meter (Thorlab PM100D and S130C) is placed underneath the cantilever to measure the optical power transmitted through the cantilever. This transmission spectrum is determined as the ratio of the power measured by a photodetector placed underneath the cantilever to the power measured when the cantilever is removed after the experiment.
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